Nucleophosmin (NPM1) is a multifunctional phospho-protein with critical roles in ribosome biogenesis, tumor suppression, and nucleolar stress response. Here we show that the N-terminal oligomerization domain of NPM1 (Npm-N) exhibits structural polymorphism by populating conformational states ranging from a highly ordered, folded pentamer to a highly disordered monomer. The monomerpentamer equilibrium is modulated by posttranslational modification and protein binding. Phosphorylation drives the equilibrium in favor of monomeric forms, and this effect can be reversed by Npm-N binding to its interaction partners. We have identified a short, arginine-rich linear motif in NPM1 binding partners that mediates Npm-N oligomerization. We propose that the diverse functional repertoire associated with NPM1 is controlled through a regulated unfolding mechanism signaled through posttranslational modifications and intermolecular interactions.
Nucleophosmin (NPM1) is a multifunctional phospho-protein with critical roles in ribosome biogenesis, tumor suppression, and nucleolar stress response. Here we show that the N-terminal oligomerization domain of NPM1 (Npm-N) exhibits structural polymorphism by populating conformational states ranging from a highly ordered, folded pentamer to a highly disordered monomer. The monomerpentamer equilibrium is modulated by posttranslational modification and protein binding. Phosphorylation drives the equilibrium in favor of monomeric forms, and this effect can be reversed by Npm-N binding to its interaction partners. We have identified a short, arginine-rich linear motif in NPM1 binding partners that mediates Npm-N oligomerization. We propose that the diverse functional repertoire associated with NPM1 is controlled through a regulated unfolding mechanism signaled through posttranslational modifications and intermolecular interactions.
NMR | X-ray crystallography N ucleophosmin (NPM1) is a highly abundant nucleolar phosphoprotein with functions associated with ribosome biogenesis (1, 2), maintenance of genome stability (1), nucleolar stress response (3), modulation of the p53 tumor suppressor pathway (4) , and regulation of apoptosis (5) . Importantly, genetic alterations that affect the NPM1 protein sequence or expression level are associated with oncogenesis. For example, NPM1 overexpression was observed in a variety of solid tumors, and mutations within the protein and genetic translocations involving NPM1 are associated with hematological malignancies (reviewed in ref. 6 ).
NPM1 primarily resides in the nucleolus which is a membraneless compartment and the site of rRNA synthesis, processing, and assembly with ribosomal proteins (7) . In the nucleolus, NPM1 is involved in processing preribosomal RNA (4), chaperoning the nucleolar entry of ribosomal (1, 8) and viral (9) proteins, and stabilizing the alternate reading frame (ARF) tumor suppressor protein (4, 5, 10, 11) , while also playing a role in the shuttling of preribosomal particles assembled in the nucleolus to the cytoplasm (12) (13) (14) .
NPM1 is a member of the nucleoplasmin protein family, which includes the histone chaperones NPM2 and NPM3. These proteins share a conserved N-terminal oligomerization domain that mediates homopentamerization (15) . Disruption of NPM1 oligomerization by a small molecule (16) or an RNA aptamer (17) causes exclusive nucleoplasmic localization, loss of colocalization with ARF, and induction of p53-dependent apoptosis (16, 17) . These observations suggest that changes in the oligomeric state of NPM1 may influence its biological functions. However, although it is hypothesized (1) that NPM1 function is modulated through control of its oligomeric state, experimental data are currently lacking. Intriguingly, NPM1 exhibits 40 putative phosphorylation sites, the majority of which are evolutionarily conserved (18, 19) . Modification of these sites that is influenced by subcellular localization and cell cycle phase (20, 21) modulates the biological function of NPM1 (1, 6) . Approximately one third of these phosphorylation sites are located within the N-terminal oligomerization domain, indicating their possible involvement in regulation of the oligomerization state of NPM1.
What is the molecular mechanism that underlies the various functions of NPM1? Here we show by using in vitro biophysical and structural methods that the N-terminal oligomerization domain of NPM1 (Npm-N) exhibits structural polymorphism by populating a range of conformations with various degrees of structural disorder that span two extreme structural states: a folded pentameric state and a disordered monomeric state. Several conserved phosphorylation sites in pentameric Npm-N are positioned within the hydrophobic interior of the pentameric structure (18) and therefore are inaccessible to kinases. Interestingly, other conserved sites are solvent accessible, and we show that these posttranslational modification (PTM) sites serve as molecular switches for modulating the oligomerization and the folding state of Npm-N. We propose that, when exposed through initial destabilizing phosphorylation events, the otherwise inaccessible sites act as molecular locks that, when phosphorylated (22) (23) (24) , destabilize the pentameric form and lock Npm-N in the monomeric state. We demonstrate that the monomer-pentamer equilibrium is modulated by protein binding partners and have identified a short, arginine-rich (R-rich) linear motif that mediates this interaction. Our results suggest that the diverse cellular functions and subcellular localization of NPM1 are influenced through a regulated unfolding mechanism, signaled through PTMs and intermolecular interactions.
Significance
Nucleophosmin (NPM1) is a multifunctional protein with critical roles in ribosome biogenesis, centrosome duplication, and tumor suppression. Despite the established importance of NPM1 as a tumor marker and potential drug target, little is currently known about the molecular mechanisms that govern its various functions. Our manuscript describes that the N-terminal domain of NPM1 (Npm-N) exhibits phosphorylation-dependent structural polymorphism along a broad conformational landscape between two extreme states: a stable, folded pentamer and a globally disordered monomer. We propose that phosphorylation-induced "regulated unfolding" of Npm-N provides a means to modulate NPM1 function and subcellular localization. Our findings will drive future structurebased studies on the roles of regulated unfolding in NPM1 biology and will provide a foundation for NPM1-targeted anticancer drug development. (Fig. 1) . The N-terminal structured domain mediates oligomerization and protein chaperone activity and contains two putative nuclear export signals (15) . The central region, important for interactions with histones (25) , is disordered (SI Appendix, Fig. S1A ) and highly acidic, and contains a bipartite nuclear localization signal (15) . Last, the C-terminal domain, which evolved later and is not conserved in other members of the nucleoplasmin family (25) , folds into a three-helix bundle (26, 27) , contains a nucleolar localization signal, and binds to nucleic acids (28) . The NPM1 primary structure is highly conserved among mammals and amphibians (SI Appendix, Fig. S1B ).
Results

NPM1 contains three functional regions
Mouse Npm-N Exhibits Two Radically Different Conformations. Toward understanding the role of the N-terminal oligomerization domain in NPM1 function, we solved the structure of mouse Npm-N by using X-ray crystallography (residues 1-130; Protein Data Bank ID code 4N8M; SI Appendix, Table S1 ). The construct studied includes the previously characterized core domain, which incorporates acidic tract A1 (29) , and additionally contains the complete N terminus and a disordered C-terminal segment (residues 123-130) containing a CK2 phosphorylation site (Ser125) (20) and acidic tract A2 associated with histone chaperone activity (30) . Consistent with previously published structures of the nucleoplasmin family core domains (SI Appendix, Table S2 ), Npm-N crystallized as a pentamer ( Fig. 2A) . Each Npm-N protomer (Fig. 2B) is comprised of eight antiparallel β-strands stabilized by extensive intra-and interprotomer hydrophobic and H-bond interactions; >1,000 Å 2 of surface area is buried at each protomer-protomer interface. Interestingly, several highly conserved, putative phosphorylation sites (Ser48, Ser88, Ser112, and Thr75) (22, 24) form an extensive intra-and interprotomer H-bond network that stabilizes the pentamer core (SI Appendix, Fig. S2 ).
The distribution of charged residues (31) within the Npm-N pentamer is highly asymmetric, with negatively charged residues clustered on one face of the oligomer ("top"; adjacent to the N and C termini) and mixed electrostatic features observed on the other ( Fig. 2A) . Herrera et al. (32) previously demonstrated that the oligomeric state of NPM1 was dependent on ionic strength; in the absence of mono-and divalent cations, NPM1 sedimented as a monomer, whereas, in their presence, it formed an oligomer. We crystallized pentameric Npm-N in the presence of 0.2 M NaCl but were unable to crystallize monomeric Npm-N in the absence of salt. Therefore, we used a variety of solution techniques to characterize the monomeric form of Npm-N under low ionic strength conditions. All experiments, unless otherwise noted, were performed in phosphate buffer at pH 7.
CD spectra confirmed that, in solution, Npm-N exhibited β-sheet secondary structure in the presence of 0.15 M NaCl (termed the "high-salt" form; Fig. 2C , blue trace). However, in the absence of NaCl (termed the "low-salt" form; Fig. 2C , red trace), Npm-N was disordered. Analysis using sedimentation velocity analytical ultracentrifugation (AUC) confirmed that the high-salt form of Npm-N was pentameric (Fig. 2D , blue trace, and SI Appendix, Table S3 ) and that the disordered, low-salt form was an elongated monomer (Fig. 2D , red trace, and SI Appendix, Table S3 ). These findings were confirmed by using NMR spectroscopy; 2D [ 1 H, 15 N] TROSY (33) spectra showed that the high-salt form of Npm-N was folded (Fig. 2E , blue spectrum) in a conformation consistent with that observed in the crystal structure (SI Appendix, Fig. S3A ), and that the low-salt form was disordered (Fig. 2E , red spectrum, and SI Appendix, Fig. S3B ).
These observations collectively suggest that the extreme charge asymmetry within the Npm-N pentamer confers the ionic strength dependence of oligomerization. Cations are required to shield the otherwise repulsive electrostatic forces that destabilize the pentamer structure. Physiological ionic strength conditions stabilize the folded pentameric state of Npm-N. Although a regulatory mechanism involving modulation of cellular ionic strength is not physiologically relevant, we investigated whether other factors could modulate the NPM1 disordered monomer-folded pentamer equilibrium.
Phosphorylation Modulates the Oligomerization State of NPM1.
PTMs alter the physicochemical properties of proteins and often serve as switches in biological signaling networks (34, 35) . We hypothesized that addition of negative charges through phosphorylation of Ser, Thr, and Tyr residues can oppose the stabilizing effect of metal cations on pentameric NPM1 and cause the monomeric form to be populated in cells.
Npm-N contains 16 putative phosphorylation sites (18, 19) (SI Appendix, Table S4 ), evenly distributed between solvent-accessible and solvent-inaccessible locations on the pentameric structure. Intriguingly, large-scale MS studies of cell extracts showed that solvent-exposed and buried sites were phosphorylated (22, 24), suggesting the monomeric form of the N-terminal domain of NPM1 is populated in living cells. Our past computational analysis (18) showed that phosphorylation of solvent-exposed and buried sites likely destabilized the pentameric state of Npm-N (SI Appendix, Table S4 ). This suggested a regulatory mechanism wherein phosphorylation of solvent exposed sites leads to destabilization of the Npm-N pentamer and exposure of buried sites for further phosphorylation, effectively shifting the conformational equilibrium from the pentameric to monomeric state. We tested this hypothesis by using a combination of (i) phosphosite mimicry (by mutating the phosphorylatable residues to Glu or Asp) and (ii) phosphorylation with PKA, which is predicted to phosphorylate Npm-N at five structurally occluded sites (Ser43, Ser48, Ser88, Ser112, and Thr75).
Thr95 and Ser125 were chosen as examples of solvent exposed phosphosites. Thr95 lies at the tip of the loop connecting β6′ and β7, whereas Ser125 is located within the disordered C-terminal acidic tract, A2 (Figs. 2B and 3D) . Phosphomimetic mutations at Thr95 (Npm-N T95D ) or Ser125 (Npm-N S125E ) subtly affected Npm-N structure and stability. Both mutants were folded under high-salt conditions based on CD (SI Appendix, Fig.  S5A ). Sedimentation equilibrium AUC analysis (SI Appendix, Table S3 ) showed that the S125E mutation caused a ∼10-fold increase in the K d value for formation of pentamers, whereas NaCl titrations monitored by CD revealed that Npm-N T95D required greater electrostatic screening than Npm-N (corresponding to a higher concentration of NaCl; [NaCl] 1/2 ) to form the pentamer (SI Appendix, Fig. S5B ). Although destabilizing, these phosphomimetic mutations were not sufficient to allow phosphorylation of the buried PKA putative phosphosites (Fig. 3 E and F) .
Interestingly, the double Npm-N phosphomimetic mutant Npm-N T95D/S125E exhibited a slight decrease in the β-sheet content (SI Appendix, Fig. S5A ) and a shift in [NaCl] 1/2 from 17 mM to 70 mM (SI Appendix, Fig. S5B ), as measured by CD, in comparison with these features for Npm-N. In addition, this mutant exhibited a >100-fold increase in the K d value for pentamerization compared with that for Npm-N (SI Appendix, Table S3 ). As a result of weakened protomer-protomer interactions, 10% of Npm-N T95D/S125E sedimented as monomers (SI Appendix, Table S3 ). This mutant was effectively phosphorylated by PKA, albeit to a lesser degree than more disordered mutants (e.g., Npm-N S48E and Npm-N S48E/T95D ; Fig. 3E ), and this modification increased the population of monomeric Npm-N T95D/S125E (Fig. 3F ). These observations suggest that phosphorylation of multiple solvent-accessible sites on Npm-N will cause an increase in the population of monomeric Npm-N and promote exposure of other sites buried within the pentamer structure for subsequent phosphorylation.
Ser48 and Ser88 are examples of solvent inaccessible phosphosites, and are both located at the interface between protomers within the β3 and β6′ regions, respectively (Fig. 3D) . Particularly, the five isosteric Ser88 residues engage in a network of H-bonds, stabilizing the pentamer core (SI Appendix, Fig. S4 ). These residues are poised to act as structural switches, stabilizing the pentamer in their unmodified state, but becoming sterically and electrostatically unfavorable when phosphorylated.
Consistent with the large unfavorable change in free Gibbs energy (ΔΔG) value calculated for phosphorylation at Ser48 and Ser88 (SI Appendix, Table S4 ), both mutations disrupted the pentameric structure of Npm-N. Interestingly, Npm-N S88E phosphomimic exhibited CD and NMR features similar to those of Npm-N ( Fig. 3B and SI Appendix, Fig. S5A ), although the 2D TROSY spectrum displayed a larger number of resonances than observed for the WT protein. This latter observation is consistent with a monomer-dimer equilibrium identified by sedimentation equilibrium and sedimentation velocity AUC (SI Appendix, Table S3 ). PKA phosphorylated Npm-N S88E at a maximum of four sites upon overnight incubation; low levels of modification were observed in the short-term radiolabeled assay (Fig. 3E) , implying a kinetically controlled mechanism for phosphosite exposure.
CD and 2D NMR analysis showed that the S48E mutant (Npm-N S48E ) was largely disordered under high-salt, pentamerpromoting conditions (Fig. 3A and SI Appendix, Fig. S5A ). This mutant sedimented as an elongated monomer by AUC as signified by a large frictional ratio value (SI Appendix, Table S3 ), and was easily phosphorylated by PKA at as many as four sites (Fig. 3E) . Addition of T95D phosphomimic mutation increased the phosphorylation efficiency by PKA (Fig. 3E) . Interestingly, the aggregation that occurred after overnight incubation of these mutants at 37°C was counteracted in the presence of PKA (Fig. 3F) .
Taken together, these results support a model wherein sequential phosphorylation of solvent exposed Ser and Thr residues modulates the thermodynamic stability of the NPM1 oligomerization domain to promote exposure of other sites buried within the pentamer structure for subsequent phosphorylation and drive the structural switch from pentamer to disordered monomer. , and T95D (C) highlight the disorder-order landscape of Npm-N generated through phosphomimetic mutations. (D) Location of the phosphorylation sites used in this study to introduce phosphomimetic mutations are represented on two adjacent subunits of Npm-N pentamer. Ser48 (black) and Ser88 (green) are buried at the hydrophobic interface between two protomers, Thr95 (purple) is solvent-exposed, at the tip of the tight loop connecting β6-β6′, and Ser125 (orange), not observed in the crystal structure, is part of acidic tract A2, in the Cterminal flexible tail. (E) The PKA phosphorylation sites are differentially protected from modification, as evidenced by radiolabeled ATP incorporation assays after 30 min incubation at 37°C. The maximum number of modifications achieved after overnight incubation with PKA for each mutant, as determined by MS, is indicated above the bars (n.d., not detected). The intensity of 32 P-radiolabeled gel bands was normalized relative to a histone H1 control, as well as the total predicted PKA phosphorylation sites for each mutant (mean of three independent experiments ± SD). (F) Native gel electrophoresis indicates that destabilization of pentameric Npm-N by the double T95D/S125E mutations, mimicking solvent-exposed phosphorylation, allows PKA phosphorylation, which consequently drives dissociation of the pentamer into monomers (red arrow). mouse p19 ARF comprised of 37 N-terminal residues (ARF-N37) colocalizes with Mdm2 in mouse fibroblast cells and causes cell cycle arrest, as does full-length p19 ARF (41, 42) . We used native gel electrophoresis to study the interaction of ARF-N37 with Npm-N and various phosphomimetic Npm-N mutants that exhibit different oligomeric states (Fig. 4A and SI Appendix, Fig.  S6A ). Under physiological conditions (high-salt buffer), in the absence of ARF-N37, Npm-N S88E migrated faster than Npm-N, consistent with a monomeric form. Upon addition of ARF-N37, additional, more slowly migrating bands were observed, indicating formation of Npm-N S88E oligomers. These Npm-N S88E / ARF-N37 complexes exhibited slower mobility than those formed with Npm-N, suggesting that phosphorylation (of Npm-N, mimicked here by Ser-to-Glu mutagenesis) affects the stoichiometry of the NPM1/ARF complexes. We used size-exclusion chromatography coupled with multiangle light scattering (SEC-MALS) to determine the mass of Npm-N/ARF-N37 complexes (Table 1) . Npm-N eluted as a pentamer (73.6 kDa) whereas the predominant species for the Npm-N:ARF-N37 complex exhibited a mass corresponding to 5:2 stoichiometry (83.3 kDa). Npm-N S88E exhibited a mass slightly less than that of a dimer (theoretical mass 29. :ARF-N37 stoichiometry (88 kDa), demonstrated that ARF-N37 binding promoted assembly of Npm-N oligomers. Notably, visible precipitation was observed upon addition of ARF-N37 at stoichiometries greater than 1:1 (or 5:5) for all Npm-N constructs tested, consistent with the previously reported formation of NPM1-ARF supramolecular complexes (4) . Under circumstances in which Npm-N was disordered and monomeric (e.g., Npm-N in low-salt buffer or Npm-N S48E mutant in high-salt buffer), the addition of ARF-N37 caused precipitation even at low concentrations, suggestive of nonspecific, polyvalent interactions.
NPM1 Interacts with Its Nucleolar Partners Through an R-Rich Short
Linear Motif. An 8-10-residue-long consensus motif within the ARF N terminus (termed the Arf motif), composed of at least two Arg residues separated by a stretch of hydrophobic residues, mediates binding to and coassembly with the acidic domain of Mdm2 (40) . The Arg residues within this short linear motif (SLiM) (35) are required for binding to Mdm2 (39) . Arf6, an ARF-derived peptide corresponding to the first 6 aa of mouse p19 ARF (Arf6; MGRRFL) and the first Arg cluster, circumvents the aggregation issues experienced with ARF-N37, while retaining the ability to bind to Npm-N (SI Appendix, Figs. S6B and S7). We performed site-directed mutagenesis to determine (i) the contribution of individual residues in Arf6 and (ii) the effect of net charge in stabilizing pentameric Npm-N under low-salt conditions. A minimum of two Arg residues were required for stabilization of the folded form of Npm-N (SI Appendix, Table S5 ). Interestingly, an Arf6 peptide in which the two Arg residues were mutated to Lys was unable to stabilize Npm-N in the absence of salt (SI Appendix, Table S5 ), suggesting that binding specificity for Arg residues is an important contributor to the interaction. However, pentamer stabilization via charge screening can be achieved with a polylysine peptide (6K in SI Appendix, Table S5 ).
We next investigated whether NPM1 could be interacting with other protein partners by recognizing the same motif. For this, we obtained a list of the reported NPM1 interaction partners from the BioGrid database (http://thebiogrid.org) and searched those for the R-rich motifs (Dataset S1). We compared the proteins with the highest density of R-rich motifs (i.e., top 50 proteins) to those without a predicted motif (149 proteins) and found that the first group was enriched in proteins annotated as ribonucleoproteins (32% vs. 10%; P < 0.0005, χ 2 test), supporting our hypothesis that this motif is involved in mediating interactions of many other ribosomal and nucleolar proteins with NPM1.
The R-Rich SLiM of ARF Binds Within an Acidic Groove of the Mouse NPM1 Pentamer. We further explored the relevance of R-rich motifs in NPM1 interactions by using NMR to study interactions between Npm-N and peptides containing R-rich motifs from three NPM1 binding partners: [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] ) (44) . We assigned the polypeptide backbone of Npm-N pentamer (available at www.bmrb.wisc.edu/) and identified the interacting residues with the R-rich peptides by analyzing the chemical shift perturbations. All three peptides bound and caused chemical shift perturbations within an acidic groove of pentameric [ 15 N]Npm-N (Fig. 4B) . Specifically, these interactions mapped to Npm-N residues within the flexible acidic N-and C-termini, acidic tract A1, and the loops connecting strands β4 and β5 and β6 and β6′ (Fig. 2B and SI Appendix, S8A). These data were used as restraints to dock a single Arf6 peptide to the crystal structure of Npm-N by using the program HADDOCK (36) . The lowest-energy structure within the cluster with the lowest docking score was selected for structural analysis (SI Appendix, SI Methods and Table S6 ). In this low-resolution computational model, the extended backbone of the Arf6 peptide docks in an acidic groove formed between adjacent protomers (Fig. 4C) . Acidic residues Asp36 and Glu39 within the A1 tract and Glu93 within β6/β6′ participate in H-bonds with the side chains of Arg3 and Arg4 of Arf6 (SI Appendix, Fig. S8A ), providing an explanation for Arf6 peptide-dependent oligomerization of Npm-N under electrostatically unfavorable, low-salt conditions. Residues within the acidic tract A1 exhibit elevated crystallographic B-factor values (SI Appendix, Fig. S8B ) and variable conformations (Fig. 2B) , suggesting that the Arf6 binding site is a malleable groove that can accommodate diverse R-rich motifs, in agreement with the large number of identified NPM1 binding partners.
Discussion
NPM1 has proliferative and tumor suppressor functions (1) . Although NPM1 shuttles freely between the nucleolus and nucleoplasm (20) , accumulation of NPM1 in the nucleolus correlates with protein oligomerization and cell proliferation. Conversely, nucleoplasmic accumulation of NPM1 has been associated with its monomerization (17, 45) , early responses to nucleolar stress (3), and induction of apoptosis (17) . Upon UV irradiation, NPM1 translocates to the nucleoplasm (46, 47) and dissociates from ARF (46) . Furthermore, monomeric mutants exhibit reduced t 1/2 values [∼10 h (45)] compared with the WT protein [>24 h (38, 45, 48) ]. These cellular observations suggest a strong correlation between NPM1 oligomerization state, function, and subcellular localization.
Here we report that the multifunctional protein NPM1 exhibits structural polymorphism in its N-terminal oligomerization domain. Repulsive electrostatic interactions between the A1 and A2 tract segments of adjacent protomers in Npm-N must be neutralized by small cations or arginine-containing peptide motifs for the pentameric structure to fold and oligomerize. Regulated unfolding of the pentameric structure is achieved by increasing the repulsive electrostatic field via phosphorylation, phosphomimetic mutations, or changes in solution ionic strength. Distinct phosphorylation signatures allow Npm-N to populate a conformational landscape of order and disorder (Figs. 3 A-C and 5), which may be responsible for controlling the multiple cellular functions of NPM1 by controlling the exposure of (i) binding sites that exist only within the folded pentamer, (ii) binding sites or motifs that lie at the protomer-protomer interface, and/or (iii) motifs that mediate interactions with partners only in the disordered state. Although these results were obtained by using phosphomimic mutations (net charge, −1; COO − ), similar or exacerbated effects are expected upon phosphorylation of the same residues (net charge, −2; PO 4
2−
). This prediction is supported by energy calculations comparing the effects of phosphorylation and phosphomimicry (SI Appendix, Table S4 ).
We propose a mechanism wherein phosphorylation of single or multiple solvent exposed sites, such as Thr95 (putative site for PDK, cdc2, and p38MAPK modification; www.cbs.dtu.dk/ services/NetPhosK/) (21) or Ser125 (known CK2 site) (20) , shift the thermodynamic equilibrium toward the monomeric form, thereby facilitating kinase accessibility to residues that were structurally occluded in the pentameric fold, such as Ser48 [putative site for PKA (www.cbs.dtu.dk/services/NetPhosK/), and ATM and Aurora (19) ] (24) and Ser88 (known Nek2 kinase site) (22, 49) . Modification of these buried phosphosites structurally locks the protein in one of the monomeric conformations until phosphatases reverse the process or until a binding partner, such as ARF, mediates monomer reassembly into oligomers (Fig. 5) . This mechanism is supported by our in vitro results with PKA, in which highly destabilized mutants are much more readily phosphorylated, including at sites buried within the pentamer interior, than WT Npm-N. Importantly, the dual mutant, Npm-N T95D/S125E , which mimics phosphorylation at two sites that are solvent accessible in the pentameric state but remains predominantly pentameric, is partially shifted to the monomeric state although phosphorylation by PKA, further supporting our regulated unfolding model.
The nucleolus functions as a sensor for cellular stresses, including UV damage, hypoxia, and chemotoxicity associated with certain chemotherapy agents (3, 46, 50) . The structure and composition of the nucleolus is highly dynamic as a result of a constant flux of its protein and nucleic acid constituents into and out of the nucleoplasm (2) . The partitioning of proteins between the nucleolus and nucleoplasm is controlled by PTMs that modulate their affinity for nucleolar constituents (7, 20) . NPM1 interacts specifically with proteins containing an R-rich SLiM [e.g., ARF (4), ribosomal proteins (8, 12, 44) , and HIV-1 protein Rev (9)] and sequesters them in the nucleolus. The R-rich SLiMs bind the pentameric form of Npm-N in a pocket formed at the interface between protomers (Fig. 4C) . Because the obligatory disordered monomer S48E mutant was unable to bind the Arf6 peptide (SI Appendix, Fig. S6 ), we conclude that particular phosphorylation signatures may trigger unloading of these nucleolar cargoes by shifting the pentamer to monomer equilibrium. As observed with the S88E mutant (Table 1) , however, different phosphorylation signatures may signal changes in stoichiometry or even enhance the affinity (49) for particular binding partners. We conclude that a finely tuned regulated unfolding mechanism controls NPM1's subcellular localization, turnover rates, and function. The NPM1 oligomerization domain has generally been understood as having a highly ordered, pentameric structure. Now we show that this domain exhibits otherwise cryptic disordered states that are likely to contribute to NPM1 function. We suggest that cryptic disorder lies within other oligomeric proteins as a means to diversify their structural states and functions.
Methods
Cloning, Protein Expression, and Purification. All Npm-N constructs were subcloned in frame with an N-terminal polyhistidine tag in pET28a(+) (Novagen), containing a thrombin cleavage site. Npm-N constructs were expressed in Escherichia coli, strain BL21(DE3), and purified via Ni-NTA affinity column, followed by proteolytic removal of the polyhistidine tag and size-exclusion chromatography. All concentrations reported in this manuscript are calculated relative to monomeric Npm-N. ARF-N37 expression and purification was previously described (42) .
CD. CD measurements were performed using an Aviv 202 spectropolarimeter by using a 1-mm cuvette at 15 μM protein concentration at 25°C.
AUC. Experiments were carried out in a ProteomeLab XL-I analytical ultracentrifuge with an eight-hole rotor (An-50Ti; Beckman) and cells containing sapphire or quartz windows and charcoal-filled Epon double-sector center pieces (Beckman Coulter). Sedimentation velocity experiments were performed at 20°C. Sedimentation equilibrium was attained at a rotor temperature of 4°C at increasing speeds of 10,000 rpm (for 63 h) and 20,000 rpm (for 38 h).
Fraction native-like contacts
Progressive, multi-site phosphorylation Dephosphorylation R-rich motif binding P P P P P P P P P P P P P P P Fig. 5 . Navigating the Npm-N conformational landscape. Structural polymorphism of Npm-N is facilitated by repulsive electrostatic forces as a result of close spatial proximity of acidic tracts A1 and A2 (red lines) within the pentameric structure. Documented and putative solvent-exposed and buried phosphorylation sites are illustrated (green dots). Unphosphorylated Npm-N predominantly populates the pentameric state (Right). Phosphorylation (red circles) of pentameric Npm-N at solvent exposed sites slightly destabilizes the oligomeric structure (indicated by wavy yellow lines), reducing the energy barrier to make the conformational transition to other, less native-like structures, thus exposing additional, otherwise buried sites for subsequent phosphorylation. Phosphorylation at buried sites dramatically destabilizes the oligomeric structure, stabilizing monomeric folded or monomeric disordered structures (Left). Both destabilization scenarios will expose additional interior sites for multisite phosphorylation to structurally lock Npm-N in the monomeric, disordered state. This process can be reversed by dephosphorylation by phosphatases. In addition, binding to target proteins containing R-rich motifs stabilizes the pentameric form, counteracting the destabilization associated with phosphorylation.
SEC-MALS. The experiment was carried out by using a Shodex PROTEIN KW-803 (exclusion limit, 170,000 Da) size-exclusion column [Showa Denko; three detectors connected in series: an Agilent 1200 UV detector (Agilent Technologies) and a Wyatt DAWN-HELEOS multiangle light-scattering and a Wyatt Optilab rEX differential refractive index detector (Wyatt Technologies)] at 25°C.
Crystallization. Crystals were grown by the hanging-drop vapor diffusion method at 18°C by using the following well solution: 0.6 M 1,6-hexanediol, 10 mM cobalt chloride, and 0.1 M sodium acetate (pH 4.6). Well solution (1 μL) was added to 1 μL protein solution (20 mg/mL in 25 mM Tris, pH 8.0, 100 mM NaCl, 1 mM DTT) containing 4.5 mM of the ARF peptide (GRRFLVTVR).
NMR Spectroscopy. All NMR spectra were collected at 25°C on a Bruker Avance 600 MHz or Bruker Avance 800 MHz spectrometer equipped with 1 H/ 13 C detect, "TCI" triple-resonance cryogenic probes. NMR data were processed by using Topspin and analyzed using CARA (52) software. Native Gel Electrophoresis. Stock solutions of 50 μM of all proteins were prepared in reaction buffer. Binding reactions were prepared in the same buffer, with 10 μM Npm-N variant and the indicated concentration of ARF-N37, and were incubated at room temperature for 1 h. Reaction samples were then mixed 1:1 with native PAGE loading buffer and loaded on 8-16% TGX gels (BioRad) and run at 150 V for 65 min at room temperature using prechilled running buffer, and stained with Coomassie Blue.
Phosphorylation Assays. Reactions containing 10 μM Npm-N and 3 μM PKA were incubated at 37°C for 30 min. The details of the assay are described elsewhere (53) . For native PAGE and intact mass determination, the same reactions were prepared by using unlabeled ATP and were incubated at 37°C overnight.
